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A BSTRACT
Investigation o f Charge-Transport Models 
for Organic Light-Emitting Devices
by
Richard Simon Schofield
Dr. Rama V enkat. Exam ination Com m ittee Chair 
Professor o f  Electrical Engineering 
University o f  N evada, Las V egas
Organic light emitting devices (OLEDs) show promise for use in the display industry, 
particularly as the active display portion o f  flat panel televisions and monitors. 
U nfortunately important material fundamentals o f  these organics are not well understood, 
like charge transport, charge injection and exchon form ation/relaxation. It is therefore 
useful to attempt to understand the behavior o f  these m aterials in the physical state that 
they will be used in; thin films. There have been two m odels proposed to explain charge 
transport in these materials and it is the purpose o f  this w ork to exam ine them using a 
group o f  similar materials. These materials are similar enough to use the same theoretical 
m odels on, yet different enough to draw  conclusions about those models from the 
observed differences.
m
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C H A PTE R  1 
INTRO DU CTIO N
Organic light emitting devices (O LED s) show promise for use in the display industry, 
particularly as the active display portion o f  flat panel televisions and m onitors in non- 
hostile environm ents. OLEDs have 3 m ajor advantages over liquid crystal displays 
(LCDs): OLED s are em issive while LC D s are reflective o r transmissive, so the latter 
requires a light source o f  some sort to be viewed properly. Fabrication o f  OLED s is 
sequential and repetitive, using solid films instead o f  the liquid layer needed by LCDs, 
lending itself to mass production and possibly use in large area lighting. There is also the 
possibility o f  fabricating flexible displays by replacing the traditional glass substrate and 
protective cap with plastic. Most o f  these advantages would also allow OLED s to 
surpass even traditional displays, but as o f  this time, active matrix organic displays are 
still dependent on inorganic substrates and associated electronics.
O LEDs are com monly fabricated on a transparent substrate that is coated with a 
transparent conducting oxide. Then subsequent am orphous layers o f  organic materials 
are deposited using thermal sublim ation in a vacuum. These layers include both a 
preferentially electron transporting m aterial (ETL) and a preferentially hole transporting 
m aterial (H TL). A second contact, w hich is com m only a mixture o f  metal layers, is 
deposited using the same therm al sublim ation method. The resultant device is therefore 
com posed o f  two amorphous layers o f  organic material, w hich are effectively insulators.
1
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The current theory o f  operations for these devices is that electrons are injected into and 
transported through the ETL and holes are injected into and transported through the HTL. 
Since the transport o f  electrons has been determined to be the rate limiting process in the 
OLED structure'* one can assume that holes reach the organic heterointerface much more 
quickly than electrons. Therefore it is assumed that a regions o f  hole accum ulation forms 
at the organic hetero interface and eventually holes diffuse into the ETL where they form 
excitons with electrons that have traveled near to the hetero interface. These excitons 
eventually relax, usually creating a photon (light em ission). A figure o f  merit for these 
devices is the efficiency o f  the light producing mechanisms, and this efficiency will 
depend greatly on the m aterial's ability to transport charge. Unfortunately charge 
transport through and injection into the amorphous organic films that make up these 
devices are not well understood. In order to gain some insight into these mechanisms, 
test devices are fabricated and subsequently analyzed using current versus voltage 
characteristics and the implied 'tu rn  on ' voltage associated with the onset o f  rectification 
and the em ission o f  light from the device over a range o f  tem peratures. Turn on voltages 
less than ten volts have been observed for recent devices.^
1.1 Charge Transport M odels
Two basic models have thus far been proposed to describe charge transport in 
OLEDs. Burrows, et al proposed a trap charge-lim ited (TCL) modeL which assum es a 
large density o f  charge carrier traps distributed throughout the em issive organic material. ' 
This model has been applied to a number o f  loosely related m aterials and seems to 
adequately model OLED current versus voltage (IV) characteristics at tem peratures down
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to 150 K .’’ The interface injected-lim ited (TIL) model proposed by Baldo and
Forrest is sim ilar to TCL. The m ajor difference is the conceptualization o f  an interfacial 
dipole layer formed at the ETL/cathode interface, which limits the injection o f  electrons 
into the OLED." These two models will be discussed in more detail in the literature 
review.
1.2 Basis for the Present Study
It is the intent o f  this w ork to apply these models o f  charge transport to a family o f  
similar materials, relating key param eters to molecular structure. By understanding the 
relationship between structure and transport, we can guide the development o f  design 
criteria for improved EL materials and devices. Synthetic variants o f  the metal quinolates 
offer an ideal system w ith w hich to study the influence o f  molecular and electronic 
structure on charge injection and transport. Although the metal ion is not directly 
involved in the electronic transition responsible for PL and EL. it dictates the molecular 
geom etry (how the organic ligands are oriented in space and pack in the bulk) and the 
electronic structure (how  the electronic states are distributed over the molecule), which 
have direct implications on both charge injection and charge mobility. The materials 
studied were aluminum (8-hydroxyquinoline) Alqs, zinc (8-hydroxyquinoline) Znqi. zinc 
(4-m ethyl-8-hydroxyquinoline) (4M eq:Zn). and zinc (5-m ethyl-8-quinolinolato) 
(5Meq2Zn). A com parative study o f  the non-polar nM eq 2 Zn chelates (calculated dipole 
mom ent [p] -  .0060)^ with the polar Alqs chelate (calculated jj. ~ 5-6D)^ may aid in 
differentiating between the two charge transport models. Both models depend on the 
dipole mom ent, but the ILL model is more directly affected by it than the TCL model.
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Also the symmetrical nature o f  the Znq? series com pared to Alqa could contribute to its 
reported lower voltages for the same drive cu rren t/
What will be accom plished in this thesis is to analyze the given charge transport 
models using data collected from both room tem perature and cryogenic (varying 
temperature) studies o f  a series o f  sim ilar materials. From what is already know about 
these materials, and what can be taken from the device characterizations, conclusions in 
regards to the validity and applicability o f  the given charge transport models will be 
presented. A literature review o f  relevant work related to organic charge injection and 
conduction will be presented in Chapter 2. The experim ental procedure and setups for 
detailed device characterization o f  Alqs. Znqz. and its m ethylated derivatives. nM eq2Zn 
[zinc(8-hydroxy-n-m cthylquinoline): n = 4. 5] used at the ETL/em issive layer in 
identically prepared O LED s at room tem perature and at variable tem peratures will be 
described in C hapter 3 and results and discussions w ill be presented in Chapter 4. 
Conclusions o f  this thesis and recom m endations for future experim ents are discussed in 
Chapter 5.
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CHAPTER 2
LITERATURE REV IEW  
Since Tang and V anSlyke's groundbreaking work at Kodak on OLEDs^. there has 
been a flurry o f  research associated with new electrolum inescent materials and their 
characterization. The most widely studied small molecule organic material by far has 
been Alq3 . ‘‘'°  However, it has been shown that Alqs is not necessarily the optimal 
material for O LED s when one considers quantum  efficiency and turn  on voltages.'*’^  
Given that the nature o f  this work is to discuss the models used to describe the properties 
o f  these organic materials when used in O LED s, it would be advantageous to briefly 
review the advances in the understanding o f  these organic materials to date. The three 
main properties that are little understood in O LEDs are charge injection, charge transport 
and exciton form ation/relaxation. These properties are not only poorly understood, but 
are also difficult to decouple. In this chapter, the background o f  each o f  these three along 
with the w ork done to reach an understanding o f  each will be presented after a discussion 
o f  the conduction models.
2.1 Trap Charge Lim ited M odel
In a com m only cited paper. Burrows et al. proposed the trap charge limited (TCL) 
conduction m odel to  describe the active regim e o f  OLED operation.' This model seem s 
reasonable in that it has been show n to fit data  for Alqs dow n to approxim ately 150K.'
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The central equation o f  the TCL model is sim ultaneously dependent on temperature, 
carrier mobility, and trap energy density
JjcL = .VLUMO/ia^“ ""\£ W 7 /M (/n+ l)r((2m + l)/(m + l)) ''^ ‘V " ^ 'V d '^ "  eq. 2.1 
where J j c l  is the trap charge limited current density, m  = T,/T. N l u m o  is the density o f  
states in the lowest unoccupied m olecular orbital (LL^MO) band, V is the voltage, d  is the 
thickness, and T, = E,!k, where Et is the characteristic trap energy. This also assumes that 
the trap energies have an exponential distribution (N,) such that at energy E  the density o f  
traps per unit energy is
Nf E)  = {N,lkTi)c\p{{E-EwM o)lkT,) eq. 2.2 
The most informative and descriptive material param eter that can be backed out o f  these 
equations is the characteristic trap tem perature which is related to the energy o f  the trap 
state through the Boltzmann constant (E = kT). This tem perature is calculated as the 
slope o f  the m  value versus the inverse o f  tem perature. Certain assum ptions must be 
made in regards to one or more o f  the variables in this equation in order to reach a 
numeric solution for the m value. In their analysis. Burrow s et al assum es that 
tem perature and voltage has a m inim al (<10% ) effect on the m obility in these materials, 
and that N l u m o  is independent o f  tem perature (at least to the first order). They used 
previous results o f  the electron mobility reported for the m ost studied ETL material 
alum inum  tris(8-hydroxyquinoline) (A lq5) (5x10'^ cm '/V s) from time o f  flight 
m easurem ents.'* It was clearly em phasized that the dom inating process is neither carrier 
tunneling (as is the case in most polym er LEDs"), nor therm ionic em ission (at normal 
operating voltages), because the IV curves are poorly fitted to both the Fowler-Nordheim 
and diode equations respectively. However, the TCL model does not appear to fit the
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thickness data reported, in that there should be proportionality betw een the voltage {V") 
and the thickness (cT^') for any given current. This is not apparent from a visual 
inspection o f  the data that was presented, and only briefly addressed in the paper for a 
current o f  0.02mA. It was alluded to that in order for the thickness data presented to be 
satisfied, there must be spatial variation in the trap density. This spatial variation is taken 
to the extreme in the IIL model, where the entire trap density, represented as a dipole 
layer, is said to exist at the ETL-cathode interface.
2.2 Interface Injection Limited M odel (IIL)
Baldo and Forrest proposed the interface injection limited (IIL) model. In their work 
it w as proposed that the presence o f  dipoles at the interface create intermediate energy 
states (assumed to be a Gaussian distribution, centered around the energy due to the 
dipole interaction) that facilitate injection into the material.^ Interfacial dipoles were 
proposed to form because o f  charge separation at the interface. This supposition was 
supported  by photoelectron spectroscopic results that showed a vacuum  level shift o f  
approxim ately 1 eV  at the organic ETL and m etal cathode interface.*^ This shift in 
energy at the cathode interface w ould imply that something akin to a depletion region, 
and hence charge separation is present at the interface. The only explanation that has 
been proposed to account for the energy shift is that at the interface the organic ETL 
m aterial readily accepts and stabilizes charge from  the metal, allow ing a depletion-like 
region to form. Despite its shortcom ings, the largest o f  w hich are that it has the 
com plexity  o f  equations that arise from charge transport in am orphous solids, and that it
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ghas only been applied to single layer electron only devices (ETL between hole blocking 
contacts), the model looks promising if  it can be applied to a multi-layer device.
2.3 O ther Models
There are other interesting papers whose concepts can be used to modify the TCL and 
IIL models. One o f  these papers deals w ith conduction m odels for polym er LEDs 
(PLEDs). Campbell et al. w rote a detailed study about bulk limited conduction in PLEDs 
using many different models including one which used a Gaussian distribution o f  trap 
energy states instead o f  the exponential distribution used in the TCL model.** Their m 
value versus tem perature curves fit closer to experim ental values when this G aussian was 
used. They also review the space charge limited model o f  conduction, and look at the 
effect o f  modifications o f  that as well. The other paper that can be used in conjunction 
with the models was produced by Forsythe et al. They exam ined the trap states in Alqs 
and NPD using thermally stim ulated luminescence.*^ In this process, carriers are injected 
into trap states and frozen there by rem oving most o f  the thermal energy from the system. 
Then the material is warmed, and the trapped carriers are therm ally excited and the 
resultant spectra are observed. The data that they obtained indicates that there are 
m ultiple trap energy distributions in these organic m aterials. These various trap 
distributions could be due to any num ber o f  effects, but can be easily rationalized as 
being due to different types o f  traps in the material. The equivalent trap energy 
tem peratures that Forsythe observed for Alq3 were 156K and 67K.*’ These conveniently 
coincide w ith the regions that the TCL model cannot explain in the observed behavior o f  
Alqs-
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2.4 Charge Injection
One o f  the main issues facing any kind o f  electrical device is the choice o f  
appropriate contact materials. Any contact material m ust be at least reasonably 
conductive and should be non-rectifying (ohmic) for the desired carrier (electron or hole) 
and hence block the other type o f  carrier when deposited on the target material. Low 
work function materials have been selected for the cathode o f  OLEDs to minimize 
rectification. A nother group at Kodak (Hung, Tang and M ason) published their w ork on 
the effects o f  differing contacts on Alqs.^ In this letter, they showed data that supported 
using an alum inum  cathode instead o f  the m agnesium /silver cathodes that had been 
previously used. However, it was necessary to insert an ultra-thin (0 .5 -Inm) film o f  
lithium fluoride (LiF) to improve the efficiency o f  the device. The role o f  the LiF layer 
in im proving device efficiency is still not well understood, but it is believed that a 
reaction occurs that creates interfacial states, im proving charge injection." In their study 
o f  LiF/Al contacts. Hung, Tan and M ason also criticized B urrow s' theory o f  trap charge 
limited conduction. The argument that the trap density limits the current through the 
OLED does not hold when one looks at different cathodes, because there is a substantial 
(>5% ) change in the operating voltage depending on cathode material. This contrary 
experim ental evidence to the theory o f  trap lim ited conduction may be circum vented if 
one assum es that the energy levels associated w ith traps present in OLEDs are due at 
least partially to the effects o f  the particular cathode m aterial chosen. This has not been 
alluded to thus far in theoretical papers dealing w ith  these materials, however the ILL 
model has a possible explanation. In their study o f  interfacial energy interactions, Baldo
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and Forrest discuss the energy m atching from cathode to bulk ETL in term s o f  layers o f  
dipoles which can  change the intrinsic energy o f  a system, based on relative alignm en t/ 
Later Campbell and Smith attem pted to isolate effects o f  different cathodic materials on 
the electronic properties o f  devices (m ainly the IV curves) when applied to A lqa/ They 
constructed devices out o f  a single layer o f  A lqj sandw iched between two contacts which 
w ere identical in some tests, and varied in others. By placing an electric field across the 
devices, they found that there was evidence o f  a Schottky type barrier. For the symmetric 
devices (both contacts are o f  the sam e material), the Schottky behavior was virtually 
identical w hether the electrons were injected into the metal-organic o r the organic-metal 
contact, implying that there is little difference in the electrical behavior o f  these two 
contacts. It does not seem unreasonable that there would be differences in the physical 
structure as well as the chem ical m akeup o f  these two interfaces, due to the differing 
deposition order, but it apparently does not show up in a sim ple IV measurement. 
U nfortunately the evidence o f  Schottky barriers implies that some o r all o f  the 
operational rectification o f  the OLED s is due to Schottky effect at the contact interfaces. 
Shen, Kahn and Schw artz took Cam pbell and Sm ith 's research one step further, using 
x-ray photoem ission spectroscopy (XPS) to investigate changes in the electronic 
structure due to differing chem istries when the organic is either deposited on top o f  the 
m etal or vice versa giving either organic-m etal o r metal-organic interfaces, respectively.^ 
Their work supports the discovery that Schottky effects are present in the cathode metal- 
organic interface o f  OLEDs, which would im ply that the contacts are not ohmic. This 
means that the devices should possibly be modeled w ith the charge injection limited 
model (such as ILL), instead o f  a bulk transport limited m odell (like TCL). They also
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showed that there is very little difference in the electrical behavior o f  m etal-organic and 
organic-m etal interfaces, although the chem ical changes o f  the organic Alq^ molecule 
were different based on changes in the XPS spectra. This implies that the differences in 
charge injection between the two interfaces are minimal at least for Alq". In their paper. 
Shen. Kahn and Schw artz also state that the penetration o f  the cathodic material into the 
organic is limited to approxim ately 10 m olecular layers, which would present an 
interfacial region between the cathode and ETL o f  an Alqa OLED o f  approxim ately 80A. 
Using this data as a basis, it can be argued that there is more than one charge transport 
limiting m echanism  functioning in the O LED s under an applied bias, making an 
interfacial injection limited model necessary, but not sufficient.
2.5 Charge Transpo rt
A nother issue o f  param ount im portance in any electrical device is the transport o f  
charge carriers through it. From the electronics industry’s investigations o f  
sem iconductors over the last few decades, transport theory in crystalline solid-state 
devices is well understood and established. Transport in non-crystalline materials has not 
been as concisely modeled as in cry stalline materials due to the addition o f  many random  
param eters, such as the energy m ism atches between molecules due to structural 
inconsistencies, and the effects o f  m icro-crystalline regions on the charge transport in a 
large region o f  the material. These random  param eters cause deviations from the laws 
that govern charge transport in crystalline materials. There are some basic param eters 
that are inherent to materials in certain forms, such as the electron m obility in the 
m aterial and the perm ittivity o f  the materiaL w hich can be used to describe some
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electrical properties o f  said material. However, there are still many unknow ns that are 
inherent in the devices. It is difficult to determine the effect that these factors will have 
on measurement o f  the device properties. The ITO begins forming a new oxide layer 
immediately after it is cleaned, and the material near the interfaces are sure to diffuse into 
each other, creating mixed layers and possibly new m olecular arrangem ents. It is 
possible that a series o f  sim ilar materials will all be sim ilarly affected by these factors, 
and as such provide insight into the param eters that are being investigated without 
evidencing differences due to the problems intrinsic to the test device structure
One param eter that has been investigated since the earliest publications involving the 
archetype EL small m olecule Alqj is the carrier mobility. Among the first to investigate 
the carrier mobility in Alqs were Hosokawa. et al.'* They used a m ethod that has been 
the standard for mobility measurem ent in electrolum inescent OLEDs: time o f  flight.
Their setup was straightforward and representative o f  most o f  the later time o f  flight 
m easurem ent setups (fig. 2.1). The basic principle in tim e o f  flight is to apply a step 
voltage across an OLED and observe the time that is required for light to be em itted, and 
then remove the potential and observe the time required for the em itted light to decay. 
These responses are expected to be on the order o f  tens o f  nanoseconds o r less, so precise 
test equipment is required. Using this method and assum ing that the electron mobility is 
the limiting factor in the em ission o f  light from the O LED . Hosokawa et al reported an 
electron mobility through the device o f  5x10'^ cm^/V.s.'* The assum ption that the 
electron mobility is the lim iting factor in em ission response tim e in the OLED is 
reasonable because the hole m obility in com m on HTL materials has been reported to be 
better than 10'^ cm*/Vs.'^ H osokawa et al also point out an  interesting phenom ena that
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occurs in the time response o f  the optical output signal; there are two distinct regions o f  
signal response. The faster o f  these regions is attributed to the radiative decay o f  a 
singlet exciton. The slow er response region is hypothesized to belong to either a delayed 
lum inescence process o r to a recombination process involving more than one molecule. 
They state that the latter explanation is more likely, due to the speed at which the 
response occurs and the form (non-exponential) that the response takes. These two 
recom bination processes will be discussed later.
K epler et al perform ed the time o f flight study w ith a modified experimental se tu p .’■* 
Their experim ent w as the electronic opposite o f  H osokaw a et al’s. In their experim ent, 
K epler et al optically excited a thin film o f  Alq] and w aited for a response current to 
show up in the external circuitry (fig. 2.2). Their test devices were com posed o f  a pair o f  
alum inum  contacts w ith a thin (400nm) layer o f  A lqj in between. Thier devices are 
unique, because the Alqa layer is much thicker than those used in OLEDs by nearly an 
order o f  m agnitude. This thickness difference makes it difficult to com pare their findings 
to the devices that are being investigated in this thesis. As the thickness o f  the organic 
layer is increased, the carrier scattering and absorption o f  that layer should also increase 
as carriers are forced to traverse more o f  the am orphous material. There is even the 
possibility that the thin film will begin to exhibit large crystalline regions at this 
thickness, as pointed out by Brinkmann e t al.‘  ^ H ow ever the mobility results were 
sim ilar to others using test structures m ore like OLED s. K epler reported the electron and 
hole mobilities in Alqs to be 1.4x10“* and 2x10“* cm '/V s respectively.'^ This data is 
within an order o f  m agnitude o f  earlier results from other papers, possibly show ing the 
differences inherent in using a thicker organic layer.
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The next group to attempt a time o f  flight m easurem ent o f  m obilities was Chen and Liu.'* 
Their setup was different from Kepler in that they used a silicon substrate, on w hich they 
deposited a transparent (15 nm thick) gold contact, the thin (200 nm) film o f  Alqa and the 
gold top contact (100 nm thick). The theory o f  operation o f  this device structure is that 
carriers would be optically produced in the silicon and would consequently drift into the 
organic under an applied field. They reported electron mobilities o f  10'* cm “/V s in 
Alq3.‘*
K alinowski et al performed the time o f  flight m ethod o f  determ ination o f  electron 
m obilities in A lq3 as well.'* Their setup was identical to H osokawa et a l’s. with the 
exception o f  small variances in models o f  equipm ent used. They reanalyzed Hosokawa 
et a l 's  argum ent that there are two distinct regions o f  tem poral response (long- and short- 
tim e). and looked more closely at the long-time com ponent o f  the electrolum inescent 
(EL) signal, w hich is believed to be due to bim olecular recom bination. From their data, 
they extrapolated a nominal electron mobility o f  1.2x10'* cm '/V s.'*  An interesting caveat 
to the paper is that they propose that the hole penetration depth into the Alq3 layer is 12 
nm.
The next usage o f  time o f  flight measurem ent cam e from Naka et al and only 
involved the mobility o f  h o l e s . T h e  study presented in their paper is valuable to this 
thesis because the authors look at 4Meq3Al and tris (8-phenanthridinolato) alum inum  III 
(A lph 3 ) in addition to Alq3 . This paper is one o f  the few studies com paring m aterials 
w ith sim ilar chem ical structures and electrical properties that has not come out o f  the 
research groups o f  Burrows, Sapochak, o r Forrest. Unfortunately, this study was 
perform ed on single layer devices in w hich the organic EL layer thickness exceeded
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9.000 nm for all materials. It is unclear if  the m aterials crystallize at these thicknesses, 
but it is believed that the bulk properties will be significantly different from that o f  the 
films under 60 nm. However their reported hole m obilities follow the trend obtained by 
earlier researchers, being worse (slower) than electron m obilities in the studied ETL 
m aterials by at least 2 orders o f  m a g n i t u d e . F o r  the 4Meq3Al they reached a hole 
m obility value two orders o f  magnitude w orse (slower) than the unsubstituted AJq3. This 
is interesting in that with a full device if  the holes can ’t diffuse into the ETL as welL 
there w ould be less current through the device for the same operating voltage, as was 
reported by Sapochak et. aL*
Chen et al conducted a study on the relationship between mobility, applied potential 
and organic deposition rate for .A.lq3 .'* In this study, it is stated that for devices made 
with .Mq3 deposited at higher (faster) rates, the m obility w orsens (drops) due to the 
inclusion o f  more traps or scattering sites in the organic m aterial. The devices used to 
measure mobility were made in much the same way as Chen and L iu’s devices were 
made, using silicon as the substrate with two gold contacts and a  layer o f  Alq3 in 
between. They also fabricated devices to test electrolum inescence for the varying 
deposition rates, made in a similar fashion to the ones studied in this thesis: ITO / HTL 
(90 nm) /  Alq3 (90nm) / Mg:Ag. From their data Chen et al obtained an em pirical 
formula relating applied electric field and mobility:
AE) = /4)[exp(crE'^)] eq 2 .3  
This equation follows the general theory that mobility and charge carrier m ovem ent 
through these organic materials is largely dependent on order (or lack thereof) in the thin 
films.
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The next venture into m obilities o f  electrolum inescent organics is B arth  et a f  who 
perform s transient response time o f  flight m easurem ents using a sim ilar setup to 
H osokaw a et al.*’ From an analysis o f  the device response versus tim e data, they infer 
that there is charge (hole) accum ulation at the organic to organic material interface. They 
use the transients o f  the two different speed response regions to support this supposition, 
stating that the slow decay o f  the EL signal after the applied voltage is term inated is due 
to the elim ination o f  said accum ulation region. This is a possible occurrence, since it 
would both explain the slow transient regions in the EL versus time plots and such a 
region would enhance the electric field across the ETL. However this study is not as 
useful as it could have been if  m ore m olecules than Alqj were exam ined.
2.6 System atic studies o f  sim ilar ETL m aterials
There have been few system atic, com parative studies o f  similar ETL m aterials for use 
in O LED s. One o f  these studies was perform ed by the research group o f  D onze et al."' 
They com pared a series o f  zinc (II) bis (8-hydroxyquinoline) (Znq?) derivatives 
substituted with ester moieties at position C2 o f  the ligand with Alq3. T he IV 
characteristics obtained from single layer devices (60nm  Al/ 60nm  Ca/ ETL/ 60nm  Ca/ 
ITO) as well as multi-layer devices (60nm  A l/ ETL/ 50nm Rubrene/ 60nm  N PD ) were 
presented. Although the thickness o f  these devices falls within the reported ideals for 
Alq3 **. their reported turn on voltages w ere in the region o f  20-25V for both  single and 
m ulti-layer devices. This high turn  on voltage is not discussed, and m ight be due to less 
than ideal fabrication conditions, o r different conditioning o f  their substrates. The device 
data that is presented shows trends that are reported to be due to im proved electron
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mobility in the Znqj derivatives. The rationale presented is that in the single layer 
devices, the Ca contacts have a work function that is above the LUM O for both Alqa and 
the Znqz derivative, m aking charge injection nearly identical for the tw o materials. 
However it has been show n that structure^ and interfacial interactions^ have an effect on 
the charge injection into and transport through a material, and there m ust be differences 
in the packing o f  tris- and bis-quinolate structures.
Forrest. Burrows and Sapochak have perform ed multiple system atic studies o f  small 
molecule O LED s. One o f  their first papers on the subject studied the effects o f  different 
metal ions (Al+3. Ga+3. In+3. and Sc+3) in m etal tris(8-hydroxyquinoline) chelates.'^
.A.n im portant point brought up in this paper was that the photo lum inescent (PL) 
efficiency does not com pletely dictate the electrolum inescent (EL) efficiency in these 
materials. The best exam ple o f  this is Gaq]. w hich is reported to have relative (to Alqs) 
PL and EL efficiencies o f  0.23 and 1.15. respectively.*^ Inqs showed sim ilar trends, 
though not as pronounced. The voltages at a fixed current for these devices showed the 
same trends as the EL efficiency, possibly im plying that for the sam e current density the 
Gaq3 formed more excitons out o f  the injected carriers. I f  this were the case, there would 
be less voltage required to drive the same am ount o f  carriers through the device, due to 
the accelerated evacuation o f  carriers from the heterointerface through recom binatorial 
processes. Furtherm ore, the pow er efficiencies did not seem to m atch the EL or PL 
efficiencies. These findings imply that the prediction o f  EL perform ance o f  a material 
almost impossible, barring fabrication and testing o f  an actual EL device using said 
organic.
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In a later paper Sapochak et al. reported the analysis o f  methyl substituted AJqs and 
Gaqs."* This paper dealt with therm al, PL and EL properties o f  these materials. An 
interesting analysis that was carried out in this paper was the exam ination o f  the effects 
o f  a polar solvent on the PL properties o f  the organic materials in solution versus a non­
polar solvent. For these particular m aterials there are only minimal changes in the 
w avelength maximum o f  em ission, at most lOnm, im plying that there is minimal 
difference in the polar effects on the m ethyl-substituted quinolates. In the paper most o f  
the differences between the substituted organic E T L 's is attributed to the difference in 
am orphous packing due to geom etrical constraints imposed by the differing molecules. 
The 4M eq]A l was the most interesting substituted variant, due to its much greater 
external EL efficiency (-1 .4-1 .6  X unsubstituted), as well as its therm al properties. The 
more than 50 degree Centigrade low er melting point from the unsubstituted and the fact 
that they d id n 't show reciystallization are useful in that they imply that the m aterials that 
have had a Methyl group added in the 4 position have much weaker intermolecular 
interactions. Higher operating voltages are observed with the increased efficiency, and 
are attributed to the limitations o f  density packing alternatives open to the 4-M ethyl 
substituted quinolates. since the M ethyl group is on the pyridyl ring. This is an issue 
because .A.lq3 has shown preferential pyridyl/pyridyl ring overlap in its packing.
In their latest paper. Sapochak et al. dealt with A lqj and Znq:.^ In this paper it was 
shown that Znqz most likely exists in a tetram eric superm olecular structure (Znq : ) 4  when 
deposited in a  solid film (fig. 2.3). This structure was observed by Kai et al. in anhydrous 
crystals o f  Znq?^^ and extracted from  x-ray diffraction data o f  a  crystalline sam ple o f  
Znq 2  that was grown by Sapochak et al. through the same therm al gradient procedure that
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is used to  purify the organic. It was observed that devices made w ith  (Znq2 ) 4  as the ETL 
had a low er voltage for the same drive current than the Alqa by over seven percent, 
however the EL efficiency o f  the tetrameric material was ju st over tw o thirds o f  the 
control (Alqs).^ The im provem ent in voltage was attributed to the packing direction and 
density o f  the molecules, as w ell as to the organization o f  the Z nq 2  m olecules within the 
tetrameric structure. It was show n that in contrast to Alqj, the preferred crystal packing 
involves both close inter- and intram olecular tt-rr interactions o f  ligands on adjacent 
molecules via pvxidyl/phenolato ring overlap. Furtherm ore, calculation o f  the location 
and distribution o f  the HOM O and LUM O states by ab initio m ethods showed that the 
LUMO was localized on bridging, terminal ligands which are located on opposite sides o f  
the tetrameric structure and are involved in 7t-n  stacking, leading to efficient electron 
transport through the molecules.
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CHAPTERS
EX PERIM EN TA L PROCEDURES 
Fabrication o fO L E D  devices is a m ulti-step process, involving synthesis o f  organic 
com pounds, purification o f  these com pounds, and vapor deposition using thermal 
sublim ation. Since the fabricated devices have layers whose thicknesses are measured in 
the hundreds o f  Angstroms, they should be kept in a controlled environm ent at all times 
to prevent the accumulation o f  foreign m aterials that might adversely affect device 
perform ance. Unfortunately, even in a vacuum  cham ber there is particulate m atter that 
will adhere to surfaces and interfere in the deposition process. This makes time intervals 
an issue in the testing as well as fabrication stages. However, all o ther current 
experim ents reported in the literature in this field have been perform ed in sim ilar or 
worse conditions. Batch processing o f  sam ples w ith differing ETLs was carried out 
w henever possible, to keep the relative deterioration and defects due to the possible 
device to device variation m inimal.
The process steps used to fabricate O LED s follow, as well as the setup and procedure 
used for testing the resultant devices is d iscussed in this chapter. The procedures 
required for synthesis o f  these com pounds is beyond the scope o f  this thesis w ork, but 
can be found in earlier works."*
20
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3.1 M aterials
The metal chelates. Alqs and (Znq : ) 4  w ere obtained from A ldrich Chemical, Co. and 
synthesis and characterization o f  (nM eq2 Z n ) 4  chelates (n = 4, 5) have been reported 
previously.* All metal chelates were purified by high vacuum  gradient tem perature 
sublimation.^* The hole transporting material, N .N ’-d ipheny l-N ,N ’-bis( 1-naphtho 1)1,1'- 
biphenyl-4.4’diam ine (a-N P D ), was purchased in device-grade from K odak and used 
without further purification. The LiF was obtained from A ldrich and used as received. 
The alum inum  metal was obtained from Alfa Aesar and was used as received. 
U nfortunately there is no assay yet for electronic purity as with sem iconductors for 
organic m aterials (usually at least 2 orders o f  m agnitude greater than chem ical purity).
So it is assum ed that triple vacuum gradient sublim ation is sufficient.
3.2 Device Fabrication
Room tem perature and cryogenic characterization o f  the devices require slight 
variations in the device design. First the general method o f  fabrication will be discussed 
(fig. 3.1), and then the differences between the two processes for room tem perature and 
cryogenic devices will be made clear.
3.2.1 General Fabrication
The devices were fabricated on glass slides, which were precoated on the device side 
with Indium  Tin oxide (ITO). This ITO has a nominal sheet resistance o f  15 
ohms/square. Prior to use, the coated glass was cut into 1 cm^ substrates and cleaned.
The first step o f  cleaning was a boiling trichloroethylene bath, used as a  degreaser. Then 
the substrates w ere run through a  succession o f  three boiling acetone baths. Im m ediately
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afterw ards, they were ran through three boiling 2-propanol baths. Then the substrates 
were blowm dry with pure nitrogen and placed in a U V -ozone etch cham ber for 15 
m inutes prior to being loaded into a nitrogen filled glove box attached to the deposition 
cham ber. Once inside the deposition cham ber a 500 Angstrom layer o f  N ,N ’-diphenyl- 
N .N '-b is (l-n ap h th o l)l,r-b ip h en y l-4 ,4 '-d iam in e  (a -N P D ), which is a preferentially hole 
transporting material (HTL), is deposited through therm al evaporation from  a baffled Mo 
boat at a rate o f  1-3 Angstrom s/second at a pressure o f  < 5 x 10’’ Torr. N ext a 550 
Angstrom  layer o f  one o f  the respective m etal chelates which are preferentially electron 
transporting (ETL), is deposited at 1-3 Angstroms per second. This ETL layer also acts 
as the em issive layer in these devices. The final layer that is deposited is a cathode, 
which is made o f  two layers deposited in quick succession: a 5-A ngstrom  layer o f  lithium 
fluoride (LiF) followed by a 1000-A ngstrom  alum inum  cap. For the systematic study, all 
HTL and cathode layers were deposited sim ultaneously (ensuring uniform ity) and the 
devices were never exposed to air during fabrication. This level o f  uniform ity allow s us 
to focus on the differences between the various nMeq%M com pounds. Film thicknesses 
were measured in situ  with a quartz oscillator. Subsequent film thickness calibrations 
were carried out ex sitiu  on an ellipse meter.
3.2.2 D evice fabrication differences for room  tem perature characterization
For room  tem perature devices, the cathodes w ere deposited through a shadow  mask. 
The mask had fifteen circular apertures, approxim ately 1mm in diam eter, as well as 8 
sm aller apertures, approxim ately 0.1 mm diam eter. The masks were placed directly on 
top o f  the organic ETL layer, and clipped dow n to ensure minimal deposition out o f  the
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defined areas. A fter deposition o f  the cathode, the mask is rem oved, leaving the device 
cathodes (fig. 3.2).
3.2.3 Device fabrication differences for cryogenic characterization
For the devices to be tested in the cryostat, not only are the cathodes different, but the 
ITO must also be patterned. For this patterning, first the substrates are scrubbed in 
deionized water. After they are dried, they are spin-coated (H eadw ay Research spin 
coaler) with AZ Exp P4903 photoresist. The photoresist, once it has been baked at 90 
degrees Centigrade for 30 m inutes, is exposed to ultraviolet light (OAI Hybralign Series 
200) for 6 m inutes through a shadow mask with a pattern with multiple 3m m  wide strips, 
which is the desired pattern for the ITO. Then the samples are washed through the 
developer (421K), during w hich the excess resist is stripped, leaving only the desired 
pattern. Next the samples are run through a high tem perature (60C) acid wash com posed 
o f  75mL distilled water. 25mL hydrochloric acid. 5mL nitric acid, and 5mL glacial acetic 
acid, to strip aw ay the undesired ITO. Once the acid has been rinsed o ff  the samples, the 
photoresist is rem oved using methanoL leaving only the desired pattern o f  ITO. Then the 
cleaning procedure is conducted as described above, and the deposition proceeds as 
previously described. For the cathodes a shadow  mask is used w hich has two parallel 
open rectangles, approxim ately 1mm by 2cm, separated by 5m m  (fig. 3.3). This 
patterning leaves the devices with a crossed electrode pattern and an active area o f  3mm".
3.3 Device Testing
The testing setups for the room  tem perature and cryogenic m easurem ents were very 
different due to the requirem ents o f  the cryogenic setup, but all results were recorded
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using an Agilent Technologies 4155B for the current-voltage (IV) characteristics. The 
optical pow er output for both setups was measured directly w ith an  1830-C Newport 
optical m eter using an  818 optical head.
3.3.1 Room tem perature testing
For the room tem perature data, devices were tested in am bient atmosphere after being 
exposed to such environm ent for no more than an hour. Contact was made to the devices 
w ith pressure contacts. The anode was contacted with a com m on sem iconductor probe 
(<10um  point) and the cathode was contacted with a section o f  25um diam eter gold wire. 
The 4155B was connected to the sem iconductor probes, while the optical power output 
was m easured with a Newport 1835C optical m eter with the device placed directly on top 
o f  the detecting surface o f  the optical head. The device IV curves were both excited and 
m easured by the 4155B. The optical m easurem ents were carried out in a room with less 
than I nW  o f  ambient light power at the detector head.
3.3.2 Cryogenic measurements
For the cryogenic measurements, the devices were taken firom the fabrication 
cham ber and were placed into the cryostat as quickly as possible, exposing the devices to 
am bient atm osphere for less than 15 minutes before sealing them inside the Cryodyne 
M odel 22 cryostat and drawing a low vacuum  ( - 10'^ Torr). The devices were secured to 
the cold head o f  the cryostat with spring clips, while a therm ocouple was secured to a 
sim ilar piece o f  ITO coated glass to provide a  more accurate tem perature reading for the 
Lake Shore 331 temperature controller. Contact was m ade to the device using a pair o f  
32 gauge wires, which were silver-pasted directly onto the cathode and anode in early 
experim ents. In later runs. Indium solder was used instead o f  silver paste to secure the
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contact wires for better therm al stability. These wires w ere run to coaxial feed-throughs, 
which were subsequently connected to the 4155B. The optical pow er w as read using the 
same detector as the room  tem perature experiments. For this application, the optical head 
was mounted externally on the cryostat, aimed through one o f  the w indow s at the cold 
head. Light from the devices shone through a small slat cut in the m ounting plate on the 
cold head.
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CHAPTER 4
RESULTS AND D ISCU SSIO N  
From the current X-ray diffraction data we observe that methyl substitution will 
affect the packing in the tetramer fo rm /"  The unsubstituted Znqi as well as the 4MeZnq2 
seem  to form the tetram er in solid state thin films based on photophysical and size 
exclusion chrom atography studies, but the exact packing o f  the tetram ers are different.^* 
The 5MeZnq2. however, appears to be a mixture o f  oligom ers, w ith the dominant one 
being the tetramer.^' The Znq2 series is also different from the M nqs's in that the device 
differences from the unsubstituted o f  the (4MeZnq2)4 cannot be explained in the same 
way. In the tris-quinolate analogues, the higher voltages exhibited by the four position 
m ethylated derivatives are explained as the physical hindrance o f  the pyridyl/pyridyl ring 
packing by the methyl group.
4.1 Cryogenic data
For the cryogenic runs, the samples w ere cooled dow n to 20K and then their 
tem peratures were brought back up, while taking m easurem ents at ten-degree intervals. 
The data presented in figs. 4.1-4.12 are from the dow nw ard tem perature run. Out o f  all 
the data, the sets pertaining to the (4MeZnq2)4 are the m ost inconsistent, in that the graphs 
are the least smooth.
26
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4.1.1 Cryogenic current voltage characteristics
The Current versus V oltage (TV) data from the cryogenic runs for the four m aterials 
are presented in figs 4.1-4.8. It is interesting to note that voltage increment for a  given 
sample current o f  0.1 mA apparently tracks almost linearly with tem perature over a 
majority o f  the tem perature range studied, as shown in fig 4.13. At temperatures below 
60K, the voltage increment becom es zero. The voltage increments per tem perature in 
V/K obtained from figure 4.13 are listed in table 4.1 for the four materials. It is also 
interesting to note that the leakage current (no light em ission) drops by up to 3 orders o f  
m agnitude at lower tem peratures for all m aterials as seen in figs.4. l-figs.4.4. This 
change is most easily identified in Alqs at about 70K in fig.4.1. Plots o f  optical output 
(arbitrary units) versus current (mA) are shown in figs.4.9-4.12 for the four materials.
The general trend is that the optical pow er increases w ith the current for all tem peratures 
and sam ples.
Table 4.1 : Voltage increment per tem perature and tem perature o f  which peak EL 
efficiencies for the four materials
Sample Alqs (Znqz)4 (4M eZnqi)4 (5MeZnqz)4
V/K -0.0530 -0.0470 -0.0527 -0.0457
EL efficiency 170K 150K 170K lOOK
4.1.2 Cryogenic optical output
The optical data is interesting in that the highest optical pow er output is not at room  
tem perature, but som ew here between 175 and 200K for all sam ples exam ined as show n 
in Table 4.1. The relation betw een optical pow er at 0.1 mA current and tem perature is
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alm ost a bell curve, as shown in fig. 4.14. Again, as w ith the voltage increm ent w ith 
tem perature, the optical pov/er decreases w ith decrease in tem perature and drops to a 
constant below  approxim ately 60K. The optical pow er o f  (SMeZnq^h samples w ere near 
the bottom  o f  the detector’s capabilities, and hence the data may have equipm ent errors.
4.1.3 Cryogenic efficiencies and m values
The pow er and EL efficiencies over the range o f  tem peratures obtained are presented 
in figs. 4.15 and 4.16, respectively. In g en era l it is observed that the tem perature o f  
m axim um  pow er efficiency is shifted to higher values com pared to that o f  EL efficiency 
for all the sam ples. This behavior is explained by the non-constant relation betw een the 
tem perature and the voltage as shown in fig.4.13. which is included in the calculations o f  
the pow er efficiency (P = Optical pow er/V *l), but not in the calculation o f  the EL 
efficiency, w hich is simply the ratio o f  the num ber o f  photons out o f  the device to the 
num ber o f  electrons into the device. The tem peratures o f  peak efficiencies for the 
various sam ples are listed in table 4.2.
Table 4.2: The temperatures o f  peak Power efficiency and EL efficiency and trap 
energies for the various samples exam ined.
Sample Alq3 (Znq2)4 (4MeZnq2)4 (5MeZnq2)4
Pow er efficiency 260K 225K 230K 210K
EL efficiency 195K 185K 200K 200K
Trap energy 149meV 127meV 123meV 108 me V
•Again, the values o f  the efficiencies level out to a constant for tem peratures below  60K. 
One o f  the useful param eters for analysis that can be m athem atically backed out o f  the
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tem perature curves is the value for “/?z” from the TCL equation that w as presented in 
section 2. The m  values w ere obtained from the log-log slopes o f  the I-V curves for 
varying tem peratures, based on the exponential relation o f  m  to the current density and 
voltage, as shown in equation 2.1. Plots o f  m  versus 1/T are presented for tem perature 
ranges, 150K-300K and 40K -150K  in figs 4.17 and 4.18, respectively. In the tem perature 
range o f  150K-300K. m  tracks linearly w ith 1/T as shown in fig .4 .17. As seen in fig4 .17, 
below 60K (0.0166 in terms o f  1/T) the m  value becom es a constant w ith decreasing 
temperature. The slope o f  the linear fits to the m value versus tem perature curves 
provides the trap energy for electrons.' For the tem perature range o f  300K -150K  the trap 
energies for the various materials were obtained from the curves in fig .4 .17 and are listed 
in table 4.2.
4.2 Room tem perature data
Tw o sets o f  room  tem perature 1-V data and Optical pow er versus current data 
obtained from two separate device fabrication runs are shown in fig s .4 .19-4.22. 
Com parison o f  the data between the tw o runs shows consistent relative results. The room  
tem perature data was taken after short exposure to atm osphere and in minfrnal light.
D ata collected from the initial runs o f  devices com pared to later runs o f  the sam e device 
are referred to as bum -in runs and w ill be presented later. It is noted that pow er 
efficiency and EL efficiency data for aU m aterials are provided relative to  the control 
sample o f  Alqs.
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4 .2 .1 Room  tem perature device characteristics
The relevant results o f  the characteristic curves o f  figs 4.19 through 4.22 are 
sum m arized in table 4.3. It is im portant to note that even though the (4MeZnq2)4 shows 
an im proved pow er and EL efficiency over the unsubstituted analogue, it does not show 
the increased operating voltage that earlier tris-quinolates exhibited.* It is interesting to 
note that that the (4MeZnq2)4 had EL efficiencies on average 102% better than the 
unsubstituted material. The devices with zinc series also exhibited VzW lower tum -on 
voltages than the archetype ETL material Alqj. The m values for this set o f  
m easurem ents were calculated from the slopes o f  the I-V characteristics from 0 .1mA to 
1 mA. It is possible that the slight variations in the characteristics betw een the two sets o f  
data shown are due to minor inconsistencies in the fabrication o r cleaning process.
Table 4.3: Tum -on voltage, relative pow er and EL efficiency and m  values for two 
sets o f  device fabrication runs.
Set 1 Set 2
all @ 0.1m A voltage Pcff ELefr m voltage Pcff ELcff m
Alqs 5.91 1.000 1.000 6.26 5.72 1.000 1.000 5.87
(Znq2)4 5.47 0.748 0.680 6.18 5.42 0.717 0.685 6.14
(4MeZnq2)4 5.38 1.464 1.325 6.11 5.06 1.654 1.457 6.02
(5MeZnq2)4 5.41 0.252 0.225 5.88 5.41 0.221 0.211 5.97
4.2.2 B um -In Runs
The data for the bum -in runs were taken from the data o f  set 2 described in 4.2.1. 
The pertinent values such as Voltage at 0.1mA, pow er efficiency and EL efficiency are
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listed as percentage differences between the first and the later runs in table 4 .4 . The data 
in table 4.4 indicates that the devices change over tim e and with subsequent operation. 
These changes include both degrading and enhancing characteristics, im plying that these 
changes are not just due to the initial stages o f  the slow  destruction o f  the device. Since, 
all percentage differences are taken with reference to the data from the first run. the 
positive numbers represent worsening o f  the param eter, while negatives represent the 
im provem ent o f  a parameter.
Table 4.4: Percentage changes in V oltage %  0.1 mA, power efficiency and EL 
efficiency for bum -in runs relative to the first run, and m elting points.
Sample Alqs (Znq2)4 (4MeZnq2)4 (5MeZnq2)4
Volts @ 0.1m A 1.548 5.864 8.664 5.220
Pow er efficiency 2.807 1.213 3.037 -3.550
EL efficiency -21.156 -21.228 -11.795 -25.476
M elting point 420C 366C 333C 371C
From table 4.4, it is clear that the (5MeZnqz)4 exhibits the most im provem ent o f  EL 
efficiency from the first to later runs. Also o f  interest is that the (4MeZnq2)4 exhibits the 
least increase over the course o f  the experim ent. It is also useful to note that while the 
pow er efficiency rem ains relatively constant (all changes less than 5% ), the EL efficiency 
changes considerably (over 20%  in all but the (4MeZnq2)4). This could be due to the 
rearrangem ent o f  the m olecules into a m ore energetically favorable form ation. This 
follows from  the melting point data, in that the system  with the lowest m elting point
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should be the one which requires the least energy and tim e to reach a low er energy state. 
The trend can not necessarily be applied to the Alq], because it is not o f  the same 
molecular form as the other three. In fact, even the (5MeZnq2)4 will be difficult to fit to 
this trend, since it is not totally tetrameric.
4.3 A pplications o f  Conduction Models
The TCL m odel assumes that there is only one trap depth, and therefore, it is possible 
to calculate the apparent trap depth using the slope o f  the m  value versus temperature 
curve.' This assum ption is in disagreem ent with the cryogenic data presented in fig 4.18, 
where there are at least two discernable slopes in the plot suggesting m ore than one m  
value. A dditionally, the linearity o f  m versus 1/T is observed only in the curves in the 
tem perature range o f  150-300K. Thus, the TCL model appears top hold only in the 
tem perature range o f  150-300K. .According to the IIL model multiple slopes in the m 
value versus tem perature curve are expected, but unfortunately the IIL model is only 
m athem atically described for single layer devices. A ccording to the model, the various 
regions o f  operations are dominated by different conduction m echanism s in the organic 
ETL.
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CHAPTERS
CONCLUSIONS AND FUTURE RESEARCH 
From the discussions presented in section 4.3. the TCL model only holds for 
tem peratures in the range o f  150K to 300K. Within this tem perature range, it is show n 
that all the zinc analogues have lower apparent trap energies. Lower trap energies may 
be the reason for the zinc series to have consistently lower tum -on voltages than Alq].
The explanation for (SM eZnqi); not having a lower tum -on voltage requirem ent is due to 
the fact that it is a mix o f  the tetram er and the monomer, and such a mixture will result in 
disorder with higher activation energy, regardless o f  the apparent trap depth.
Below 150K, where the traditional TCL model no longer applies, it is possible that the 
physical param eters o f  the organics them selves are being observed. It is possible that the 
EL efficiency curve is a close approxim ation o f  the available trap states in the material.
It could be that the exponential trap distribution outlined in the traditional TCL 
formulation is too much o f  an over-sim plification o f  what is physically in the system .
This could result in a small error in the model that would be exacerbated at lower 
operating tem peratures due to exponential dependence o f  rates on 1/T. and hence 
showing the distribution o f  trap states as they are frozen out (carriers can no longer move 
into and out o f  them freely due to a lack o f  therm al energy). Observing Forsythe’s paper, 
it would seem  that the changes in the m  value versus temperature curves for the four 
materials studied in this thesis exhibit sim ilar behavior to the therm ally stim ulated
33
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lum inescence suggesting that the trap distribution peak with energy exhibits a peak.“^
This is interesting in that it could imply that the change in the m  value curve is simply 
due to the freezing out o f  another set o f  trap energy levels. H ow ever, that would imply 
that these varying trap levels are sim ilar for the entire series o f  m aterials studied.
.As pointed out in chapter 3. there is a peak in the EL efficiency at approxim ately 200K 
for each m aterial studied. This peak is approxim ately at the tem perature where the peak 
for the first set o f  traps as suggested by Forsythe et al. implying that this upper trap 
distribution undergoes a freeze-out in all the materials at low temperatures."^ This makes 
sense if  one thinks in term s o f  com peting mechanisms, one o f  w hich is therm al 
generation and recom bination o f  electrons and holes in the system . I f  the thermal energy 
noise level o f  the system  were lowered by cooling the material, it seems sensible that 
there would be an upward trend in the efficiency as w e approach the energy level o f  the 
traps in the system. As the system  is further cooled down, m ore o f  the conducting trap 
states would be frozen out. eventually leaving the material w ith no therm ally activated 
conducting states, in essence leaving the material w ith no active traps. This seems to 
happen at approxim ately 60K for all the materials, in that the slope o f  the m  value versus 
temperature curve becom es zero around this value. It would be beneficial to perform  
thickness dependence studies on all the materials presented in this thesis, so that more 
param eters pertaining to the models can be tested.
The (4MeZnq2)4 had a much greater efficiency than the unsubstituted analogue, as 
was expected from previous analysis o f  methylated tris-quinolates.* This is a  welcom e 
benefit w hen coupled w ith the observed lower drive voltage com pared to the 
unsubstituted zinc analogue. This behavior is unlike that o f  the  alum inum  and gallium
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tris-quinolate devices. It is indeed interesting that all the zinc derivatives studied 
exhibited lower drive voltages than previously studied small molecule OLED s. It would 
be interesting if in the future more series o f  both non-polar and supram olecular small 
molecule organics are studied to see if  they give rise to similar trends as the zinc series.













Figure 2.1. Time o f  flight (ToF) experimental setup for Hosokawa et al.'"
















Figure 2.2. .Modified ToF experim ental setup for Kepler et al 14
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Figure 2.3. The tetram eric structure o f  (Znq 2 ) 4

















2 ^ f  7 :
(SMeqiZn)^: R = H; R' = CH3 
(4Meq2Zn)q: R = CH3; R' = H
Figure 3 .1. (a) Shows the structure o f  the studied OLED. (b) Represents the basic 
structure o f  AIq3. (c) Represents the structure o f  the Znq2 tetramer form  along w ith the 
notation o f  the methyl group positioning.
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Figure 3.2. Shadow  mask used for room tem perature device cathodes.
Figure 3.3. M ask used for cryogenic device cathodes.
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Figure 4.1. Log-Log plot o f  the I-V characteristics o f  Alqs
















Figure 4.2. Log-Log plot o f  the I-V characteristics o f  (Znq2 ) 4
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Figure 4.3. Log-Log plot o f  the I-V characteristics of(4M eZnqz)4
















Figure 4.4. Log-Log plot o f  the I-V characteristics o f  (5MeZnq2)4
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Figure 4.5. Plot o f  the I-V characteristics o f  Alqs
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Figure 4.9. Plot o f  the optical pow er characteristics o f  Alqs
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Figure 4.10. Plot o f  the optical pow er characteristics o f  (Znqz ) 4
















Figure 4.11. Plot o f  the optical pow er characteristics o f  (4MeZnq2)4
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Figure 4.12. Plot o f  the optical pow er characteristics o f  (5MeZnq2)4
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Figure 4.13. Voltage versus tem perature characteristics at 0.1mA for tem peratures from 
20K -  300K.
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Figure 4.14. Optical pow er versus tem perature characteristics at 0.1m A for tem peratures 
f ro m 2 0 K -3 0 0 K .
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Figure 4.15. Power efficiency versus tem perature characteristics at 0.1m A for 
tem peratures from 20K — 300K.
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Figure 4.16. EL efficiency versus tem perature characteristics at 0.1mA for tem peratures 
f ro m 2 0 K -3 0 0 K .
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Figure 4.17. m value versus inverse tem perature characteristics at 0.1mA for tem peratures 
from 1 0 0 K -3 0 0 K .
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Figure 4.18. m value versus inverse tem perature characteristics at 0.1mA for tem peratures 
from 20K  -  300K.
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Figure 4.19. Average I-V device characteristics for a set o f  room  tem perature OLED s
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Figure 4.20. Average I-V device characteristics for a set o f  room  temperature O LEDs
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Figure 4.21. Average optical pow er device characteristics for a set o f  room  tem perature 
OLEDs
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
63
0 .2 0 -1
0 .1 8 -
0 .1 6 -








$  0 . 1 0 -
9- 0 .0 6 -
0 .0 4 -




Figure 4.22. Average optical power device characteristics for a set o f  room  tem perature 
OLEDs
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